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Prospective optical properties were demonstrated for nearly stacking fault-free m-plane GaN
homoepitaxial films grown by metal organic vapor phase epitaxy on the m-plane freestanding GaN
substrates. Values of full width at half maximum of x-ray rocking curves were close to the substrate
values being 31 arcsec for the 101̄0 diffraction with 0001 azimuth and 48 arcsec for the 101̄2
diffraction. Threading dislocation densities were lower than 5106 cm−2. The film surfaces
exhibited atomically flat morphology with well-aligned monolayer steps. Low-temperature
photoluminescence PL spectra exhibited polarization-dependent well-resolved bound and free
exciton emission lines, and a characteristic kc ,E c-polarized PL line was also observed.
Room-temperature effective PL lifetime of the free exciton peak increased with increasing supply
ratio of ammonia to trimethylgallium, and a record long value for m-plane GaN 268 ps was
obtained. © 2008 American Institute of Physics. DOI: 10.1063/1.2842387
Wurzite Al, In, Ga N grown in nonpolar1 orientations
are attracting attention, since the strained quantum wells
QWs fabricated on nonpolar planes are free from the
quantum-confined Stark effects caused by the polarization
fields parallel to the c axis,2–4 which reduce the oscillator
strength of electron-hole pairs in c-plane QWs. However, the
optical output power of nonpolar InxGa1−xN QW light emit-
ting diodes LEDs was far lower5 than the conventional
c-plane LEDs due to the presence of high density threading
dislocations TDs and basal plane stacking faults SFs.6
They were generated due to the lattice mismatch for the
heteroepitaxy. The densties were 5109 cm−2 and
1105 cm−1, respectively. Especially, basal plane SFs are
normal to the growth plane and they seldom vanish even in
thick films or in window and N-polar wings of GaN prepared
by lateral epitaxial overgrowth.6 As a result of having dislo-
cated, striated, and inclined surface morphology, inhomoge-
neous incorporation of In have been observed in m-plane
InxGa1−xN /GaN QW LEDs.
7
Very recently, good performance m-plane8,9 LEDs and
purple10,11 and blue12 laser diodes have been demonstrated
using low TD/SF density freestanding FS GaN substrates
that were sliced from thick c-plane FS-GaN. However, there
still remain concerns if the m-plane FS-GaN substrates are of
enough quality for homoepitaxy.
In this letter, optical and structural properties of m-plane
GaN homoepitaxial films grown on low TD/SF density
FS-GaN substrates are shown. Well-resolved polarized exci-
ton emissions are observed at low temperature, and a record
long room-temperature effective photoluminescence PL
lifetime PL,eff for m-plane GaN 268 ps is obtained.
Approximately 3-m-thick m-plane GaN films were
grown by metal organic vapor phase epitaxy Chichibu
Laboratory on 815 mm2 area, 325-m-thick m-plane
GaN substrates that were sliced from 10-mm-
thick c-plane FS-GaN substrates prepared by halide vapor
phase epitaxy Mitsubishi Chemical Co. and subsequently
polished with chemical treatment. For comparison, c-plane
FS-GaN substrates TD density lower than 107 cm−2 and
c-plane GaN on Al2O3 epitaxial templates were also used.
The surface of as-received substrates exhibited smooth mor-
phology with monolayer atomic steps, as shown in the
atomic force microscopy AFM image in Fig. 1a. The
root-mean-square rms roughness was 0.072 nm. The densi-
ties of TD and SF were confirmed by cross-sectional and
plan-view transmission electron microscopy to be lower than
5106 cm−2 and lower than 1103 cm−1, respectively. The
values of full width at half maximum FWHM of the x-ray
aAuthor to whom correspondence should be addressed. Electronic mail:
chichibulab@yahoo.co.jp.
FIG. 1. Color online AFM images of a m-plane freestanding GaN
substrate and b m-plane GaN homoepitaxial film grown at 1090 °C for
V / III=3000. c Representative 101̄0 XRCs of the GaN film
Tg=1050 °C, V / III=5000 taken along the 0001 and 112̄0 azimuths.
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rocking curves XRCs were 37 and 100 arcsec for the
101̄0 diffraction with 0001 and 112̄0 azimuths, respec-
tively, and 48 arcsec for the 101̄2 diffraction. We note that
the curves exhibited triple-peaked or asymmetric lineshape
due to the c axis titling of the original c-plane GaN grown on
Al2O3. Trimethylgallium TMGa and ammonia NH3 were
used as precursors. The growth temperature Tg and molar
flow ratio of NH3 to TMGa V/III ratio were
1050–1100 °C and 3000–10 000, respectively. The reactor
pressure was 5.3104 Pa and the growth rate was
1.5 m /h.
High-resolution x-ray diffraction measurements were
made with a Bruker D8 diffractometer. PL was excited using
the 325.0 nm line of a cw He–Cd laser 20 W /cm2 and
unpolarized and polarized spectra were recorded. Time-
resolved photoluminescence TRPL was excited using the
frequency-tripled mode-locked Al2O3:Ti laser 267 mm,
100 fs, 120 nJ /cm2 at 293 K.
Surface morphology of m-plane GaN films was influ-
enced by the growth conditions, i.e., Tg between 1050 and
1090 °C and low V/III ratio 3000–5000 were appropriate
to obtain atomically flat films exhibiting well-aligned mono-
layer steps, as shown in Fig. 1b.V/III ratios greater than
10 000 gave rise to wavy 2 or 3 monolayer–high step edges
with rms roughness of 0.43 nm. The 101̄0 XRCs of the
GaN film Tg=1050 °C, V / III=5000 exhibited fairly nar-
row FWHM values being 31 and 91 arcsec for 0001 and
112̄0 azimuths, respectively, as shown in Fig. 1c. How-
ever, both curves exhibited nonideal lineshape. The result
suggests that macroscopic tilting and twisting of the sub-
strate were carried over to the epilayer.
Unpolarized PL spectra at 293 K of the m-plane FS-GaN
substrate and GaN films grown at 1090 °C are shown as a
function of V/III ratio in Fig. 2a. The spectra are character-
ized by a predominant near-band-edge NBE excitonic13
peak at 3.41 eV, which is accompanied by LO phonon rep-
licas, and weak emission bands around 2.8 and 2.2 eV so-
called yellow luminescence YL. From the FWHM of the
NBE peak 37–43 meV, residual electron concentration of
the film V / III=5000 is estimated to be a few times
1017 cm−3. Since O concentrations measured by secondary-
ion mass spectrometry were 1–21017 cm−3 and the films
were grown under low Tg and low V/III conditions in com-
parison with c-plane GaN growth, O is the major culprit. The
intensity ratio of the NBE peak to YL INBE / IYL increased
with the increase in V/III ratio. Since the origin of YL has
been assigned to Ga vacancies VGa and/or VGa-O
complexes14 and the formation energy of VGa increases as the
Fermi level shifts to the midgap,14 reduction in O donor con-
centration may simultaneously decrease the YL intensity.
Room-temperature TRPL singals of the NBE peak for
the films grown on various substrates at 1090 °C for V / III
=5000 are shown in Fig. 2b. Here, effective PL lifetime
PL,eff is defined as the time after excitation when
	0
PL,effItdt /	0
tlimItdt becomes 1−1 /e, where It is the in-
tensity at time t and tlim is the time when Itlim becomes
0.01I0. We note that PL,eff at 293 K of the present samples
was dominated by the nonradiative lifetime NR, because
equivalent internal quantum efficiency int
eq, which was ap-
proximated by the spectrally integrated PL intensity at 293 K
divided by that at 10 K, was up to a few percent and the
relations int
eq =1 / 1+R /NR and 1 /PL,eff=1 /R+1 /NR are
assumed, where R is the radiative lifetime. Since the growth
conditions were tuned for m-plane GaN, int
eq of the m-plane
GaN on FS-GaN was the highest.
Values of PL,eff and FWHM at 293 K for the NBE peak
of the samples grown at 1090 °C are plotted as a function of
V/III ratio in Fig. 2c. Since PL,eff increased with increasing
V/III ratio, high V/III ratio reduced the concentration of non-
radiative recombination centers NRCs. Because the origin
of NRCs has been proposed to defect complexes incorpo-
rated with VGa VGa-X,
4,15 both the increase in PL,eff and
INBE / IYL with increasing V/III ratio can be explained by the
reduction of VGa concentration. The value of PL,eff for the
m-plane GaN grown on FS-GaN at 1090 °C for V / III
=10 000 was 268 ps, which is a record long value for
m-plane GaN.4,15
FIG. 2. Color online a PL spectra at 293 K of the m-plane FS-GaN
substrate and GaN homoepitaxial films grown at 1090 °C. b TRPL singals
at 293 K of the NBE emission of m-plane GaN homoepitaxial film and
c-plane GaN films grown on c-plane FS-GaN and GaN /Al2O3. c Effective
PL lifetimes PL,eff and FWHM values at 293 K of the NBE emissions of
m-plane GaN films and c-plane GaN films grown on GaN /Al2O3 as a fucn-
tion of V/III ratio. The epilayers were grown at 1090 °C.
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Polarized PL spectra measured at 10 K of the m-plane
GaN Tg=1090 °C, V / III=10 000 are shown in Fig. 3 bot-
tom two traces. For comparison, the spectra of c-plane GaN
films on FS-GaN and GaN /Al2O3 are also shown. Paskov
et al.16 have observed characteristic PL peaks at 3.42 and
3.29 eV in an a-plane GaN film grown on r-plane Al2O3.
Both peaks have been assigned to originate from basal plane
SFs.16 Although the spectra around 3.29 eV are not shown in
Fig. 3, those defect bands are missing in our m-plane films
see the spectra around 3.42 eV. Because c axis is parallel
to the surface of m-plane GaN, kc ,Ec- and
kc ,E c-polarizations can be made, where k and E are
the light and electric field vectors, and  and  represent
perpendicular and parallel, respectively. The c-plane GaN
films give k c ,Ec-polarization. The films on FS-GaN
exhibited fine excitonic features,17,18 i.e., a predominant neu-
tral donor bound exciton peak I2 at 3.4724 eV, free A- and
B-exciton peaks FXA and FXB, respectively at 3.4786 and
3.4851 eV, and their first excited states FXAn=2 and FXBn=2
at 3.4965 and 3.5025 eV were observed for -polarization. A
free C-exciton FXC peak around 3.502 eV and its first ex-
cited state around 3.52 eV were noticeable for
-polarization. Since the GaN film on c-plane GaN /Al2O3
suffers in-plane biaxial compressive stress, all the peaks are
shifted to the higher energy. The FXA and FXB peaks obeyed
the polarization selection rules that FXA is strong in
- and -polarizations and FXB is partially allowed for
-polarization in addition to - and -polarizations. In ad-
dition, fine structures were found in the vicinity of FXA peak,
as follows: FXA peak energy for -polarization 3.4801 eV
is 0.6 meV higher than -polarization, as shown by the vio-
let vertical line in Fig. 3, and strongly -polarized emission
peak 3.4764 eV was found at 2.2 meV lower than FXA
peak, as shown by the red vertical line. They have been
assigned18 to -polarized 5T
A and -polarized 6
A exciton
due to spin-exchange splitting, respectively, and also as-
cribed to the difference in dispersion relation of exciton-
polaritons between kc and k c.19 The -polarized
3.4764 eV line might also be due to the recombination of a
donor bound B-exciton.
In summary, m-plane GaN homoepitaxial films grown on
low defect density FS-GaN exhibited atomically flat mor-
phology with well-aligned monolayer steps, and FWHM val-
ues of XRCs were carried over from the substrate. PL life-
time of the free-exciton emission at room temperature
increased with the increase in V/III ratio, and a record long
PL,eff for m-plane GaN 268 ps was obtained. PL bands
originating from SFs were missing, and low-temperature po-
larized PL spectra exhibited exciton fine structures.
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FIG. 3. Color online Polarized PL spectra at 10 K of the m-plane GaN
homoepitaxial film bottom two traces with Ec and E c and unpolarized
PL spectra of c-plane GaN films grown on GaN /Al2O3 top and c-plane
FS-GaN second top. The epilayers were grown at 1090 °C for V / III
=10 000. Polarization configurations are k c ,Ec, kc ,Ec, and
kc ,E c.
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